On the morning of 23 June 2016, a 0.70 m meteotsunami was observed in the English Channel between the UK and France. This wave was measured by several tide gages and coincided with a heavily precipitating convective system producing 10 m s −1 10-m wind speeds and 1-2.5 hPa pressure anomalies.
Introduction

1) PRESSURE PERTURBATIONS AND WIND STRESS
To analyze the convective system pressure perturbations, the total measured pressure was high-154 pass filtered. Figure 4 (a) shows that the maximum pressure perturbations were generally between 155 ±1.5 hPa. As the convective system progressed northeastward (compare Figure 4 and Figure   156 3), the high pressure anomaly (mesohigh) strengthened, with low pressure anomalies (mesolows) 157 forming ahead of (pre-squall low) and behind (wake low) the mesohigh. The pressure anoma- anisms. This may have happened if the speed of the atmospheric system moved at resonant speed.
175
To determine whether external resonance could have occurred, first we calculated the speed of the convective system using two-dimensional cross-correlation of radar-derived precipitation. steps were used between 0200-0400 UTC. However, precautions were taken to remove effects of 184 individual cells. Here, a binary signal was created, equalling 1 when precipitation-rate was greater 185 than a rain-rate threshold and 0 when the rate was less than the threshold. A range of time-steps 186 and thresholds on the two-dimensional cross-correlation allowed analysis of convective system 187 velocity to chosen parameters, and the best range of parameters to be chosen. 
195
The cross-correlation results were related to the movement of the whole convective system and 196 individual storm cells. Figure 3 shows that three individual gust fronts were identified as the con-197 vective system propagated. We identified the gust front as the leading edge of precipitation, which 198 coincided with higher 10-m wind observations. New gust fronts were identified when a new line 199 of cells were generated ahead of, and disconnected from, previous gust fronts. A gust front that 200 generated new convective cells was a form of discrete propagation and produced unreasonably 201 large velocities at certain time steps, which were subsequently removed. More northward veloci-202 ties were produced at shorter time steps and higher thresholds, and explained by storm cell motion 203 that was more northward than the convective system motion (Figure 3(d) ). This was because 204 individual cells were shorter-lived, and produced more intense precipitation than the convective 205 system. Multiple analyses of convective system components were necessary to correctly interpret 206 cross-correlation velocities.
207
To check that the two-dimensional cross-correlation velocity estimates were reasonable, the av- Froude number (Fr, atmospheric forcing speed divided by wave speed) was between 0.9-1.1 ex-218 ternal resonance was deemed possible (Vilibić 2008) . We used the edge wave speed c edge to 219 determine Greenspan resonance possibility (Greenspan 1956 ). The edge wave speed of a tsunami-220 period wave on a constant slope is:
where g is gravitational acceleration (9.81 m s −2 ), T wave is wave period, β is bathymetric slope,
222
and n is edge wave mode (corresponding to the number of times the trapped edge wave crosses the 223 still water level in the cross-propagation direction).
224
Taking transects from near Dieppe across the Channel, the bathymetry was approximated by speeds were more than 10% slower than the alongshore forcing speed, meaning that Greenspan 231 resonance was not possible.
232
Next, we investigated Proudman resonance. Proudman resonance occurs when the atmospheric 233 system speed U is near the shallow-water wave speed c (Proudman 1929). The shallow-water 234 wave speed is proportional to water depth H, and is given by:
Using a forcing speed of U = 19 m s −1 and depths at mean sea level (Figure 1 ), a Froude num-236 ber between 0.9-1.1 was calculated in the location of the precipitation at 0320 UTC ( Figure 3 ).
237
Therefore, Proudman resonance was possible. This result was also retained when accounting for 238 tides. Assuming that the shallow water wave speed changes with tidal elevation (H T ) and ocean 239 currents in the wave propagation direction (V T ) (Choi et al. 2014) , the shallow water wave speed
240
is approximately:
Including tidal elevation and currents estimates (H T = -2 m, V T = -0.5 m s −1 ) showed that Proud-242 man resonance was possible, but the Proudman resonant region would have moved away from the 243 coastline (compare regions in Figure 1 ).
244
We then analyzed expected wave growth under Proudman resonance. Churchill et al. (1995) 245 derive the following relationship for a linear shallow-water wave, η, trapped underneath a constant 246 amplitude, moving forcing assuming one-dimensional, frictionless propagation without planetary 247 rotation:
where x is distance in the propagation direction, ρ is water density, p is atmospheric pressure, 
For a pressure field approximated by an advecting sinusoid, with maximum pressure change ∆p 254 and wavelength λ , the maximum pressure induced perturbation is: 
258
To calculate the wave induced by wind stress, wind stress was parameterized as ρ a C a U 2 10 (ρ a is 259 air density (1 kg m −3 ), C a is the drag coefficient of air on the water surface and U 10 is the 10-m 260 wind speed). η τ was then approximated by: 
265
The maximum wave height at Boulogne was 0.70 m, meaning that 2.1 times more amplification 266 would have been required. From the conservation of wave energy flux, waves grow when moving 267 into shallower water as described by Green's Law:
A wave with original wave height η 0 = 0.34 m, which was generated in depth H 0 = H Pr = 37 m,
269
and shoaled to depth H 1 = 5 m (approximate water depth at Boulogne in Figure 2) solved the two-dimensional non-linear shallow-water momentum and continuity equations. Here 284 they are given in two-dimensional vector form:
where u is the depth-averaged horizontal velocity vector, ∇ is the horizontal gradient vector, t is vector.
289
Equations (9) and (10) were solved on a multi-scale triangular mesh, generated with Blue Kenue The atmospheric pressure p was prescribed by an analytical forcing function:
The bounds of the argument φ = k· x − ωt describe a low-high-low pressure pattern, where k is 297 the wave number vector, and x is the position vector. ω is angular frequency, where ω = 2π/T 298 and T is the forcing period. The maximum pressure perturbation p t was prescribed on a 1013 hPa 299 background pressure p b .
300
The geographical extent of the forcing was also parameterized, because the convective system 301 did not extend to the UK, and could not be completely determined from the observations. The 
307
The pressure perturbations were modeled using the best estimates provided by the observations, 'coastal' and 'reflected'.
341
Examining the relationship between pressure disturbance and water level, the directly forced 342 wave was proportional to the negative of the pressure gradient (compare pressure and sea level 343 disturbance in Figure 6 ). This behavior is predicted by Equation 4, implying Proudman resonance.
344
The directly forced wave also grew as it propagated along the Channel, in depths appropriate for focussing through refraction in the English Channel.
360
The coastal wave growth was further investigated through idealized numerical models, because 361 its growth mechanism was unclear and Greenspan resonance was previously discounted through 362
Froude number arguments. In these models the bathymetry was assigned the previously approxi- 
367
The coastal wave was also reproduced when the pressure forcing was cut-off at y = 6 km, showing 368 that it was not produced by direct forcing (Figure 8b ). We then altered the shallow slope section 369 such that Proudman resonance could not produce a large forced wave (Figure 8g ). If the coastal 370 wave were directly forced by the pressure disturbance over the steep slope, this should not affect 371 the coastal wave amplitude. However, the coastal wave magnitude also decreased to the amplitude 372 of the Proudman resonance forced wave. Therefore, the coastal wave was directly related to the 373 forced wave generated in the English Channel by Proudman resonance and appeared to be separate 374 because it was heavily refracted by the steep slope.
375
The arrival times and periods for both the coastal wave and directly forced wave were modeled 376 well at Dieppe and Boulogne. The modeled arrival time at Boulogne, 0449, was only 2 minutes 377 behind the observed arrival time, 0447 (Figure 7 ). The arrival time at Dieppe was more poorly 378 recreated, which was measured as 0358 and modeled as 0405, a lag in the model of 7 minutes.
379
The difference in arrival times between the waves at Boulogne and Dieppe gave a 5-minute relative observations here either.
391
The model was poorer at representing sea surface elevation at Newhaven than at other locations.
392
The best-estimate model produced a perturbation at Newhaven due to the initial movement of 393 the convective system over the English Channel, which was not discernible in the observations.
394
Also, the first peak of the reflected wave at Newhaven was about 30 minutes after the maximum 395 observed peak, and the largest modeled peak was about 60 minutes after the maximum observed ward directions respectively, and:
where A was 10 m s −1 , and all other variables were the same as for the pressure forcing.
471
The model locations corresponding to tide gages at Boulogne and Dieppe showed that wind in first peaks. The second wave peak was reduced by the wind by similar magnitudes; at Dieppe, 476 the secondary peak decreased from 0.15 m to 0.14 m (-6.7%). Overall, the wind forcing was 477 secondary to the pressure forcing for this meteotsunami.
478
The contribution from wind here was small compared to meteotsunamis generated by similar However, when forcing speed was decreased, increasing pressure amplitude by 1.5 times was 525 required to simulate similar wave heights to the best-estimate model. This may be because of 526 refraction of the wave due to currents offshore, leading to larger wave heights towards the center 527 of the basin. The processes acting to decrease the coastal wave height were more important than 528 steepening of the wave as it was moved against the current, leading to an overall decrease in wave 529 height.
530
These simulations show that tides can change the location where Proudman resonance occurs, shows that, even when tides are near still water level, tidal currents can considerably change the 535 location of wave amplification and halve coastal wave heights.
536
Here, the best-estimate model under-predicted wave height even without tidal influence. This 
Conclusions
545
We have combined observations and numerical models to show that meteotsunamis are gener-546 ated in the English Channel by convective weather systems. We demonstrate for the first time an
547
English Channel case study that atmospheric pressure forcing, Proudman resonance, and shoaling
548
were key amplification mechanisms. Wind stress was a secondary forcing and increased the first 549 wave peak by 16% on average because of combined low wind speeds and deep water. Including 550 tide in our model decreased the coastal wave height by more than 50%, mostly because barotropic 551 tidal currents shifted the Proudman resonant region away from the coastline (rather than depth 552 changes affecting the shallow water wave propagation speed directly).
553
The synthetic forcing simplicity may explain differences between best-estimate model results
554
and observations. The best-estimate simulated arrival times and wave period within minutes and is also possible to calculate in near-real time in the UK given radar measurements every 5 minutes.
573
To obtain accurate results from precipitation cross-correlation in convective systems, the effects 574 of individual cell motion should be minimized by using longer time steps and rain-rate thresholds.
575
Once these sources of error are addressed, cross-correlation of radar data is an accurate, simple 576 method to calculate atmospheric system velocity. 
588
We have demonstrated that convective system-generated meteotsunamis can be simulated using 589 simple synthetic models. This could lead to potentially useful hazard warning systems for north-
590
western European seas, as has been conducted in the Adriatic (Šepić et al. 2015) . We have also
591
shown that meteotsunamis around the UK can be explained using dynamical arguments, and we
592
have accurately simulated an observed meteotsunami by using sufficiently sampled pressure, wind 593 and radar data. 
